In this issue of Neuron, Xie et al. (2013) identified protein phosphatase 4c (PP4c) as a new component in the regulation of spindle orientation during mammalian neurogenesis. Importantly, their findings uncovered a novel and critical temporal aspect of the regulation of spindle orientation during neurogenesis.
The generation of neurons during the development of the mammalian brain is accomplished via a tightly controlled spatiotemporal progression from undifferentiated progenitors to fully mature neurons (reviewed in Kriegstein and Alvarez-Buylla, 2009 ). The proliferative neuroepithelium is highly polarized in an apical-basal orientation, with mitoses occurring at the apical surface that result in the production of additional neuroepithelial progenitors (NPs). NPs undergo further differentiation into radial glial progenitors (RGs), which divide to produce RGs or basal progenitors (BPs) that divide once to produce two neurons. These neurons migrate to the cortical plate, where they form an organized six-layered cortex via a classic inside-out pattern of lamination. Disruption of these processes results in a variety of human genetic disorders such as microcephaly and lissencephaly and may underlie more subtle neurodevelopmental disorders such as autism and schizophrenia.
Progressive differentiation of the neural progenitors from NPs to RGs to BPs to neurons is largely the result of modulation of symmetric and asymmetric divisions (reviewed in Knoblich, 2008) , with the concomitant equal or unequal partitioning, respectively, of cellular components between the daughter cells critical for cell fate decisions. One of the mechanisms thought to underlie whether a neural progenitor undergoes symmetric or asymmetric division is spindle orientation (Siller and Doe, 2009 ), a highly conserved process in which many of the components were first found in Drosophila before confirmation of their role in mammalian systems. The importance of spindle orientation in partitioning asymmetric cellular components during symmetric and asymmetric neuroblast divisions is well established in Drosophila (Siller and Doe, 2009 ). However, the situation in mammals is not nearly as straightforward, where disruption of spindle orientation can lead to a wide range of phenotypes. For example, loss of the mouse homolog of the gene disrupted in human lissencephaly, Lis1, randomizes spindle orientation in NPs and RGs, leading to degeneration and embryonic lethality (Yingling et al., 2008) . By contrast, overexpression of mouse inscuteable results in disruption of spindle orientation with overproduction of BPs and neonatal lethality (Postiglione et al., 2011) , while loss of mouse Lgn results in equally severe disruption of spindle orientation but with relatively mild phenotypic consequences during neurodevelopment (Konno et al., 2008) . This wide range of observed phenotypes is seemingly inconsistent with the notion that spindle orientation plays a critical role in the modulation of symmetric and asymmetric divisions during neurodevelopment.
The manuscript published in this issue of Neuron from the laboratory of Juergen Knoblich (Xie et al., 2013) provides important new insights that help clarify the role of spindle orientation during mammalian neurogenesis. The authors identified a novel participant in the regulation of spindle orientation, protein phosphatase 4c (PP4c). PP4c was first identified as a candidate in a genome-wide RNAi screen performed in Drosophila neuroblasts (Neumuller et al., 2011) , where previous studies found it to be required for correct asymmetric cell division (Sousa-Nunes et al., 2009 ) and for proper control of neural stem cell number (Neumuller et al., 2011) . In mammals, it was previously shown that PP4c regulates NDEL1 phosphorylation, which in turn regulates Cdk1 activity and microtubule stability (Toyooka et al., 2008) . In addition, NDEL1 forms an evolutionarily conserved complex with LIS1 and dynein to serve several roles in neurogenesis and neuronal migration (Wynshaw-Boris et al., 2010) . With these implicating factors in mind, Xie et al. (2013) explored the role of PP4c in cortical development.
Here, Xie et al. (2013) found that PP4c is an essential component of neurogenesis in the mammalian neocortex. First, they established that PP4c was highly expressed in the ventricular zone and colocalized with centrosomes, supporting a role for the phosphatase in neurogenesis. Next, using a conditional allele for PP4c and Emx1-Cre, which expresses Cre starting at embryonic day 10.5 (E10.5), they found that deletion of PP4c at this early stage resulted in disruption of neurodevelopment. These mice displayed severe defects in neurogenesis with depletion of the progenitor pool, premature differentiation of RG to BP, severe lamination defects, and reduced cortical thickness due to the subsequent apoptosis of the progenitor pools with prematurely differentiated neurons. In addition, Xie et al. (2013) found that PP4c is required for the maintenance of normal spindle orientation during proliferative divisions of progenitors in the mammalian neocortex. Taken together, these initial phenotypic descriptions indicated that PP4c is important both for neurogenesis and spindle orientation.
To explore how PP4c might influence spindle orientation, Xie et al. (2013) took the lead from the previously characterized relationship of PP4c with NDEL1 (Toyooka et al., 2008) . When PP4c is deleted, the three S/T cdk5/cdk1 phosphorylation sites of NDEL1 display increased levels of phosphorylation . Xie et al. (2013) found that in the absence of PP4c, the binding of NDEL1 to LIS1 was weakened. To test whether the change in binding of NDEL to LIS1 was responsible for the neurogenesis and spindle orientation defects seen with early PP4c loss, Xie et al. (2013) expressed a phosphomutant form of NDEL1 in the PP4c-deficient progenitors. They found that the phosphoresistant form of NDEL1 was capable of rescuing the spindle orientation and premature differentiation phenotype while the phosphomimetic form of NDEL was not. This evidence demonstrated that PP4c is important for dephosphorylation of NDEL1 at the cdk5/cdk1 sites and that allowing for tight binding of NDEL1 to LIS1 is a critical step in the regulation of spindle orientation in the developing brain.
Another critical target during the switch from symmetric to asymmetric divisions conserved throughout evolution is the Notch pathway. Notch activity regulates proliferation and differentiation in the developing mammalian neocortex (reviewed in Liu et al., 2011) . Using a Notch reporter and the NDEL1 phosphomutants mentioned earlier, Xie et al. (2013) also demonstrated that Notch activity is dependent on PP4c and the dephosphorlyation of NDEL1. These findings bring forward the novel insight that PP4c regulates neural progenitor proliferation through spindle orientation-dependent Notch signaling activity, mediated by phosphorylation of NDEL1 and its interaction with LIS1.
Although the discovery of PP4c regulation of NDEL1 dephosphorylation as it relates to neurogenesis on its own is interesting and informative, perhaps the most important insight is the uncovering of the novel and critical temporal aspect of the regulation of spindle orientation during neurogenesis. Using a second Cre line (Nestin-Cre) to delete PP4c at E11.5, 1 day later than the previous experiments using Emx1-Cre, Xie et al. (2013) reveal a temporal requirement of spindle orientation. Loss of PP4c at both time points in neurogenesis resulted in the similar disruption of spindle orientation. As discussed previously, early loss of PP4c with Emx1-Cre leads to severe defects in neurogenesis with depletion of the progenitor pool, premature differentiation, and severe lamination defects. In contrast, loss of PP4c 1 day later using Nestin-Cre resulted in no neurogenesis defects and relatively normal development aside from the abnormal spindle orientations. This demonstrated a distinct role for maintenance of spindle orientation at E10.5 in neurogenesis that is not present at E11.5.
What are the implications of these findings? Xie et al. (2013) propose a plausible model based on their new findings and how it may fit with the current understanding of cortical neurogenesis from the literature (see Figure 7 in Xie et al., 2013) . In brief, prior to the onset of neurogenesis in the early neuroepithelium, NP divisions are symmetric as the pool of NPs expands. At this point, tight control of spindle orientation is essential as disruption of spindle orientation results in catastrophic consequences, as demonstrated by deleting Lis1 at this stage (Yingling et al., 2008) . During neurogenesis, between E10.5 and E14.5, RGs divide symmetrically to expand the RG pool or asymmetrically to produce BPs. As the rate of neurogenesis increases between E10.5 and E14.5, the balance shifts toward asymmetric divisions and the production of neurons, concomitant with relaxation of the control of spindle orientation. With this relaxation of spindle orientation control, the balance shifts from the expansion of the progenitor pool and prevention of differentiation of neural progenitors to neuronal differentiation. When this balance is shifted early, as occurs when spindle orientation is disrupted early with loss of PP4c with Emx1-Cre here or with the hGFAP-Credriven loss of Lis1 (Yingling et al., 2008) , the result is premature differentiation and depletion of neural progenitors. At later times in neurogenesis, the need to control spindle orientation is relaxed, and the loss of spindle orientation control, such as with Nestin-Cre-driven loss of PP4c in the Xie et al. (2013) study, has little or no effect on neurogenesis. From this model, control of spindle orientation is critical in the neuroepithelium and during early neurogenesis to maintain the expansion of the progenitor pool and to prevent differentiation of neural progenitors. This model helps to reconcile the wide range of phenotypes resulting from spindle orientation disruption in mouse mutants such as Lis1 and Lgn loss of function and inscuteabe gain of function that were seemingly inconsistent with the idea that spindle orientation plays a critical role in the modulation of symmetric and asymmetric divisions during neurodevelopment.
The implications of this work and the model proposed for spindle orientation control raise important questions that will be the ground work for a number of future studies. Xie et al. (2013) demonstrated a clear dependence of spindle orientation during early neurogenesis on cortical layering that was not observed when spindle orientation was disrupted later. Yet the discrepant phenotypes seen with disruption of spindle orientation are not entirely explained by their model. Timing may provide only a partial explanation and additional pathways that have yet to be identified may be involved. One possibility is that redundant pathways upstream of Lis1, Lgn, and inscuteable also contribute to their phenotypic differences. Further studies are needed to explore the relationship between the production of early intermediate progenitors and cortical layering. In humans, the expansion of the outer subventricular zone radial glial cells allows for the increase in neuronal production needed for human brain development (Liu et al., 2011) . Does spindle orientation play a similarly important role in the production and division of these cells as well? In addition, while NDEL1 is an attractive target of PP4c for the regulation of spindle orientation, there may also be other PP4c targets that remain to be identified. Finally, as noted by Xie et al. (2013) in their Discussion, their work highlights PP4c as a candidate for human microcephaly, as are its targets, including NDEL1. Indeed, the identification of mutations in NDE1, a mammalian homolog of NDEL1, in human patients with microcephaly (Manzini and Walsh, 2011) underscores the possibility that PP4c control of spindle orientation is also involved in regulating human cortical development and expansion. It will be exciting to see how the insights brought forward by the Xie et al. (2013) manuscript with respect to spindle control timing and neurogenesis apply to these and other issues.
Gephyrin is the key scaffolding molecule organizing the postsynaptic density at inhibitory synapses. Utilizing localization microscopy, Specht et al. (2013) report in this issue of Neuron on the quantitative assessment of gephyrin clusters and associated glycine receptors and GABA A receptors.
Chemical synapses in the CNS are complex cell-cell junctions that serve as interneuronal communication. Distinct scaffolding molecules organize elaborate cytomatrix structures at the cytoplasmic surfaces of both synaptic membranes. While presynaptic cytomatrices of excitatory and inhibitory synapses share similar molecular organizations, postsynaptic specializations, called postsynaptic densities (PSDs), have evolved organizational principles based on different protein families. Excitatory synapses assemble a double-layered PSD with membrane-associated guanylate kinases (MAGuKs) of the PSD-95 subfamily (layer 1) and Shank/ProSAP family members (layer 2) as key scaffolding components. At inhibitory synapses, a single protein, gephyrin, forms the major scaffold for recruitment of inhibitory neurotransmitter receptors, synaptic cell adhesion molecules (CAMs), and cytoplasmic signaling components into the PSD (Sheng and Kim, 2011) . Gephyrin was originally identified as a peripheral membrane protein that tightly associates with the glycine receptor (GlyR) complex (Pfeiffer et al., 1982; Kneussel and Betz, 2000) . It was shown to bind to the cytoplasmic loop of the b-subunit of the GlyR and to interact with similar sites of a variety of GABA A receptor (GABA A R) subunits. Gephyrin molecules are hypothesized to form a hexagonal planar lattice that provides docking sites for inhibitory GlyRs and several subtypes of GABA A Rs (Figure 1 ; Kneussel and Betz, 2000; Tretter et al., 2012) .
By analogy, this arrangement suggests that synapses can be considered as small stochastic signaling devices based on chip-like intracellular scaffolds. To assess the capacity and the integrative power of such a device, one has to know several parameters: how many scaffolding elements does it contain and how many functional elements, i.e., receptors, CAMs, or downstream signaling components, can it accommodate? What is the packaging density of the scaffold and what the dynamics? Can these parameters be regulated and, if yes, how?
With their study published in this issue of Neuron, Specht et al. (2013) have addressed these questions for gephyrin-based inhibitory synapses. To this end, Specht et al. (2013) applied photoactivated localization microscopy and stochastic optical reconstruction microscopy (PALM/STORM) to determine exact quantities and to follow the dynamics of gephyrins, GlyRs, and GABA A Rs in individual PSDs. Attachment of specific fluorophores to the
